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INTRODUCTION
Inhibitor cystine knot (ICK), also called knottin, is an ultra-stable structural motif consisting of a triplet-stranded antiparallel β-sheet stabilized by three disulfide bonds. In these structures, two disulfide bonds form a ring that is penetrated by the third disulfide bond, forming a knot (Postic et al. 2018) . Peptides with this motif usually range in size from 30 to 50 amino acids and have a consensus sequence as CX 3-7 CX 3-8 CX 0-7 CX 1-4 CX 4-13 C (where C represents cysteine and X represents any amino acid except cysteine) (Craik, Daly and Waine 2001) . They are widely distributed in animals and plants and several are also found in viruses (Zhu et al. 2003) . These peptides exhibit a diversity of biological functions, ranging from enzymatic inhibition to predation and defense. For example, rT1, an ICK peptide isolated from the hibiscus Hibiscus sabdariffa is an inhibitor of human neutrophil elastase (Loo et al. 2016) ; many ICK-type toxins isolated from venoms of poisonous animals target various ion channels or receptors (Gao et al. 2013; Lavergne et al. 2015; Cardoso et al. 2017) ; others from animals and plants are antimicrobial peptides, such as Alos from the insect Acrocinus longimanus, Tachystatins from the horseshoe crab Tachypleus tridentatus and Mj-AMPs from the seeds of the plant Mirabilis jalapa L. (Cammue et al. 1992; Osaki et al. 1999; Barbault et al. 2003) . Due to their small size, high structural stability and selective activity on specific targets related to human diseases, ICKs have been applied to the development of therapeutic drugs and molecular imaging agents (Kintzing and Cochran 2016) .
Although fungi are widespread in nature and are estimated to contain up to 3.8 million species (Hawksworth and Lucking 2017) , few researches have been undertaken on ICKs in fungi. AVR9 is the first ICK isolated by cDNA cloning from the fungus Cladosporium fulvum, which is a race-specific peptide elicitor inducing a hypersensitive response in tomato genotypes (Van den Ackerveken, Van Kan and De Wit 1992) . Five years later, Vervoort et al. (1997) experimentally confirmed its ICK structure. Since then fungal ICKs are primarily predicted through genome sequencing and their sequences are deposited in the KNOTTIN database (Gelly et al. 2004; Gracy et al. 2008; Postic et al. 2018) . To date, more than 1000 fungal genomes have been sequenced, which offer an opportunity to search for new ICKs and study their evolution and origin.
In this work, we identify a total of 386 ICK peptides and proteins containing one or multiple ICK motifs through computational data mining of fungal genome databases (File 1, Supporting Information). The observed diversity in protein sequences and gene structures of these newly discovered fungal sequences highlights their complex evolutionary history involving domain repeat and fusion. This work provides basic molecular data for further study of the structures and biological roles of these ICKs in fungi.
MATERIALS AND METHODS

Database search
The database search strategy used in this study is depicted in Fig. 1 , in which Alos were used as queries for TBLASTN search of the fungal whole-genome shotgun (wgs) database and BLASTP search of the fungal nonredundant (nr) database in the National Center for Biotechnology Information (NCBI) server (http://www.ncbi.nlm.nih.gov/) under default parameters, except the expect thresholds were set to 1000. The program Gene Runner (http://www.generunner.net) was employed to predict complete open reading frames of nucleotides. All predicted precursors containing ICK motifs were submitted to SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/) for signal peptide recognition (Nielsen 2017) . Retrieved sequences with an N-terminal signal peptide were again employed for new rounds of TBLASTN and BLASTP searches until no new hits appeared.
Phylogenetic tree construction and domain fusion identification
Amino acid sequences were aligned by Clustal W (http://www.genome.jp/tools-bin/clustalw) followed by manual adjustment. These alignments were then used as the input to construct phylogenetic trees by the neighbor-joining (NJ) method in MEGA 7 (http://www.megasoftware.net/) (Kumar, Stecher and Tamura 2016) . WebLogo (http://weblogo.berkeley. edu/logo.cgi) (Crooks et al. 2004 ) was used to create sequence LOGOs of the six families of fungal ICKs. Domain organizations of all fungal fICKs were analyzed using various online servers, including Pfam (http://pfam.xfam.org/) (Finn et al. 2006) , Superfamily (http://www.supfam.org/SUPERFAMILY/) (Wilson et al. 2007 ) and SMART (http://smart.embl-heidelberg.de/) (Letunic et al. 2006) .
Homology modeling
Based on high sequence similarity, we chose Alo-3 (PDB entry 1Q3J) as template to build the structures of Alo-1, Alo-2 and several fungal ICKs via homology modeling at SWISS-MODEL (https://www.swissmodel.expasy.org/). Structural images of peptides were displayed by MOLMOL (Koradi, Billeter and Wuthrich 1996) .
RESULTS
To find new ICKs in fungi, we chose three typical ICK peptides (Alo-1, Alo-2 and Alo-3) as queries to search fungal database by TBLASTN and BLASTP (Fig. 1) . We call 'ICK motif' if the amino acid sequence of a fungal peptide accords with the ICK consensus. If a fungal peptide contains only one ICK motif, we call it 'ICK peptide'. If an ICK motif is repeated or included in a large protein, we call it 'ICK domain'. To distinguish from the nomenclature of fungal defensin-like peptides (fDLPs) with the cysteine-stabilized α-helix and β-sheet (CSαβ) fold (Zhu 2008; Wu, Gao and Zhu 2014) , we named fungal ICKs with reference to their Latin names: the first three letters of the genus plus the first two letters of the species ending with the suffix -sin. When a species has more than one ICK, the names are numbered as -1, -2 and so on. If a protein has several ICK domains, their names are followed by the capital letters A, B and so on (File 1, Supporting Information). Among them, 15 ICKs were previously predicted and collected in the KNOTTIN database (Postic et al. 2018) , which are Beabasin-1, Bearusin-1, Conmisin-2, Metacsin-2, Aspflsin-1, Asporsin-1, Colgrsini-1, Botcisin, Sclscsin, Lacbisin-1, Lacbisin-2, Lacbisin-3, Lacbisin-5, Lacbisin-7 and Lacbisin-9. All the fungal ICKs described here are distributed in 167 species belonging to 76 genera, which occupy a myriad of niches from free-living to parasitic life (File 2, Supporting Information). The species containing ICKs with high sequence similarity to Alos are some entomopathogenic fungi (such as Metarhizium, Beauveria and Cordyceps). We also collected ICKs from a number of phytopathogenic fungi (e.g. Puccinia, Fusarium, Colletotrichum, Rhizoctonia and Mortierella etc.) and dermatophytes (i.e. Saksenaea, Basidiobolus, Mucor and Rhizopus). In addition, saprophytic fungi (especially multiple species from Aspergillus), mycorrhizal fungi (such as Laccaria bicolor, Pisolithus microcarpus, Paxillus involutus, and Lentinula edodes), and nematophagous fungi (e.g. Pochonia chlamydosporia, Purpureocillium lilacinum, Drechmeria coniospora and Dactylellina haptotyla) also have genes encoding ICKs.
Among these identified fungal ICKs, the diversity of their sequence lengths is obvious. For instance, Aspwensin-1 only has 25 amino acids in its mature peptide, while the number in Saicosin is up to 554 (File 1, Supporting Information). On the basis of these new sequences, we established a new consensus for the fungal ICKs as CX 4-7 CX 2-12 CCX 2-6 CX 4-19 C (File 3, Supporting Information), which extends the one previously recognized for other organisms (Craik, Daly and Waine 2001) , in favor of the loop length variability in ICKs. In addition, the diversity was observed in their domain architectures, including peptides with a single ICK motif, hypothetical proteins with multiple ICK domains or single ICK domain associated with different structural domains. We grouped these fungal proteins into three categories according to their domain architectures: single domain ICK peptides (sICKs), repeat domain ICK proteins (rICKs) and fusion domain ICK proteins (fICKs), accounting for percentages of 69%, 17% and 14%, respectively. 506 ICK motifs were identified (File 1, Supporting Information) and their evolutionary relationship are shown in an unrooted phylogenetic tree ( Fig. 2 ; File 4, Supporting Information). The majority of the 66 rICKs are made up of two domains (Fig. 3) . Such a form is also present in some doubleknot toxins from spider venoms (Bohlen et al. 2010; Sachkova et al. 2014) . Of the members with more than two ICK domains, Basmesin-10 possesses a maximum number, up to 12.
In addition, we identified 55 fICKs through several domain recognition servers (Fig. 3) . The Pfam online server (Finn et al. 2006 ) recognized a Dickkopf N-terminal cysteine rich region (Dickkopf N) in the N-terminal sequences of Penbrsin-3 and Penbrsin-4 (E-value = 2.9e-06 and 6.1e-06, respectively). Dickkopf proteins are a class of Wnt antagonists that negatively regulates the Wnt signaling pathway (Brott and Sokol 2002) . The Superfamily online server (Wilson et al. 2007 ) identified the C-terminal sequences of Morvesin-1 and Morvesin-2 as LysM (lysin motif) (E-value = 3.79e-06 and 2.88e-06, respectively), a small globular domain as a widespread protein module involved in binding peptidoglycan in bacteria and chitin in eukaryotes (Buist et al. 2008; Kombrink, Sanchez-Vallet and Thomma 2011; Kombrink and Thomma 2013) . Intriguingly, Morvesin-1 and Morvesin-2 not only contain LysM, but also contain 4-5 repeats of ICK domains (Fig. 3) . Other fusion proteins were recognized using the SMART server (Letunic et al. 2006) . Despite having higher E-values (>10), these fusion domains show similar cysteine patterns with several known protein domains, including chitin-binding domain type 2 (ChtBD2), von Willebrand factor type C domain (VWC out), worm-specific repeat type 1 (WR1), MD-2-related lipid-recognition (ML), whey acidic proteins (WAP) and insulin growth factor-binding protein homologues (IB) (Fig. 3) . ChBD is indispensable for antimicrobial activity of chitin-binding proteins (Suetake et al. 2000; van Aalten et al. 2000; Hardt and Laine 2004) ; VWC out is involved in homeostasis maintenance (Hunt and Barker 1987; Bork 1991) ; WR1 is often associated with Kunitz domains and may act as serine peptidase inhibitors (Finn et al. 2017) ; ML domain is implicated in lipid recognition or metabolism (Inohara and Nunez 2002) ; WAP functions as a protease inhibitor (Schalkwijk, Wiedow and Hirose 1999; Reading, Meyers and Vyakarnam 2012; Finn et al. 2017) ; IB functions as a regulator of the activity of insulin-like growth factor (Bach 2015) . Besides containing these well-defined domains, some of fICKs have the low complexity regions that are abundant in eukaryotic proteins and are involved in the modulation of protein-protein and protein-nucleic acid interactions (Toll-Riera et al. 2012) . For some long ICK-containing sequences, such as Artotsin and Copstsin, no domain was identified in these servers. Similar to the rICK domains, fICKs are also present in spider venoms, such as OtTx1a from Oxyopes takobius (Nadezhdin et al. 2017) , CsTx-1 from Cupiennius salei, Latartoxins (LtTx) from Lachesana tarabaevi and Purotoxin-2 (PT2) from Alopecosa marikovskyi (Kuhn-Nentwig et al. 2012; Kuzmenkov et al. 2013; Oparin et al. 2016) .
Previous studies have shown that genes of some animal ICK peptides contain two introns located at the propeptide boundary, which separate three exons into three domain regions (signal peptide, propeptide and mature peptide), whereas the ICK peptide genes from plants have only one intron located in the signal peptide region (Zhu et al. 2003) . In the same paper, Zhu et al. (2003) describe several viral ICK sequences that contain no intron and propeptide. The precursors of fungal ICKs have two forms: (i) a signal peptide followed by a mature peptide, and (ii) a signal peptide followed by a propeptide ending with a basic residue and a mature peptide (Fig. 4) . In comparison with the ICK genes from animals, plants and viruses, fungal ICK genes show a diverse structure, comprising 14 different types, from intronless to intron-rich (Fig. 4) . In the intron-containing genes, the number and position of introns are also highly varied. For example, Metansin-1 and Beabasin-1 have a phase-0 intron in the mature peptide-encoding region, while Purlisin-1 has one phase-0 intron in the propeptide region. Metansin-2 and Pocchsin-1 have a phase-2 intron in the mature peptide region, while Colgrsin-2 has one phase-2 intron in the propeptide region. Besides, Gymlusin-8 has two phase-0 introns, and Metgusin-3 has three phase-0 introns. Zymtrsin and Colgrsin-1 have two phase-2 introns. Some genes have two types of introns. For example, Pucstsin-1 has one phase-2 intron and one phase-0 intron in the mature peptide region and Pocchsin-3 has one phase-1 intron and one phase-0 intron in the mature peptide region. Magposin-1 has one phase-2 intron in the propeptide region and one phase-0 intron in the mature peptide region. A similar case was observed in the G protein coupled receptors (GPCRs), a large superfamily of transmembrane proteins, whose gene structure diversity is likely associated with specific alternative splicing for functional purposes (Hammond, Olman and Xu 2014) . However, for these fungal genes, the biological and evolutionary significances of the diversity remain unclear.
There are 80 fungal ICK peptides showing detectable sequence similarity to antimicrobial ICKs from animals (e.g. insects and horseshoe crabs) and plants (File 2A and File 5, Supporting Information), consistent with our phylogenetic tree analysis that supports their putative orthologous relationship (Fig. 5A) . These peptides can be grouped into six subfamilies according to their sequence similarity and conserved gene structures ( Fig. 5B ; Figs S1-S6 in File 6, Supporting Information). Family I contains 24 members with a conserved phase-0 intron between the final two cysteines and nearly all members have a propeptide except Metansin-1 and Metgusin-1; Family II includes 14 ICK peptides with a conserved phase-1 intron between the first and the second cysteines except Pocchsin-3 and Pocchsin-4. Four peptides from Pochonia chlamydosporia have a propeptide and others lack this domain; Family III contains 21 ICK peptides and they are exclusively distributed in two dermatophytes belonging to Mucorales except Madmysin from Sordariales. These members all have a propeptide but are intronless; Family IV includes nine members. They all contain a propeptide that is disrupted by a phase-0 intron and three phase-0 introns disrupt their mature peptides; Family V contains only five members with a phase-0 intron in their propeptides; Family VI includes seven peptides and they all a precisely conserved phase-0 intron shared with some antimicrobial ICK peptides from insects.
DISCUSSION
Evolution of fungal ICKs
In this work, we report for the first time a large number of ICK peptides and ICK-containing proteins in fungi. Their diversity in the number of ICKs and fusion with different domains highlight three different mechanisms mediating their origin (Fig. 6) . (i) Gene duplication. Gene duplication plays an important role in the evolution of novel function (Innan and Kondrashov 2010) . In this study, we identified multiple paralogous ICK genes within a fungal genome (e.g. Pucstsin-3 and Pucstsin-4). This event mainly occurred in sICKs, however, some rICKs have also undergone gene duplication, such as two-domain ICKs Gymlusin-1 and Gymlusin-4. As expected, many paralogous genes share identical gene structures and highly similar protein sequences; (ii) Domain duplication. Domain duplication is an evolutionary preferred mechanism, likely originated by partial gene duplication or genetic recombination (Andrade et al. 2001) . ICK domain repeat previously was reported in spider venoms. A typical example is Hi1a, a double-knot spider venom peptide from Hadronyche infensa that inhibits acid-sensing ion channel 1a (Chassagnon et al. 2017) . In fungi, domain duplication contributes to the evolution of rICKs. These peptides share a common signal peptide and repeats occur in their mature peptides; (iii) Gene fusion. Gene fusion can occur through translocation, interstitial deletion or chromosomal inversion (Mitelman, Johansson and Mertens 2007) . In 2008, Durrens et al. detected lots of fusion and fission events in the coding sequences of 12 fungal species (Durrens, Nikolski and Sherman 2008) . In fungi, fICKs have undergone gene fusion with other unrelated domains (Fig. 3) , in which their mature peptides are involved (File 1, Supporting Information). The evolution of Morvesin-1 and Morvesin-2 appears to involve both domain duplication and fusion (Fig. 3) .
The potential biological activity of fungal ICKs
Because of high sequence similarity to the fungicidal peptide Alos (Figs S1-S6 in File 6, Supporting Information), it is reasonable to infer that the six families of members might possess antifungal activity. In a previous study, it has been proposed that the higher fungicidal activity of Alo-3 compared with Alo-1 and Alo-2 could be attributable to its higher content of positively charged residues and no negatively charged residue (Barbault et al. 2003) . A similar case was also observed in Beabasin-2A and Beabasin-2B ( Figs 5C and 7) , supporting their potential antifungal activity.
When a peptide is fused to other domains, it might maintain its original function. For example, matrix metalloprotease 23 (MMP23) contains a scorpion toxin domain that can interact with K + channels (Rangaraju et al. 2010 ). In addition, there are a class of toxins comprising an ICK and an α-helix domain in arachnid venom (Kuzmenkov et al. 2013; Oparin et al. 2016) . Their helices act as a membrane anchor modulating the toxic function of the ICK domain. In this work, we identified some fungal proteins as hybrids composed of ICKs and another domain. For example, Morvesin-1 and Morvesin-2 include one LysM domain in their C-termini. In pathogenic fungi, LysM deters the immune response of hosts through scavenging chitin fragments (Kombrink and Thomma 2013). Given that these two proteins exist in a phytopathogenic fungus, we surmise that the combination of ICKs and LysM may exert a function in plant immune inhibition. For Aspnisin-1 and Aspkasin, they contain a ChtBD2 domain that normally acts on the cell walls of bacteria and fungi to display antimicrobial activity, just like Ac-AMP2 from Amaranthus caudatus and Cy-AMP1 from Cycas revolute (Martins et al. 1996; Yokoyama et al. 2009 ). We speculate that these two hybrids might possess an enhanced antifungal activity via domain fusion.
CONCLUSIONS
Fungal ICKs reported here show great complexity in terms of their protein sequences and gene structures. Their wide distribution in fungi suggests their putative functional importance. Because peptides with an ICK motif exhibit a diversity of bioactivities (e.g. analgesic, anthelmintic, antimalarial, protease inhibitory and insecticidal) (Postic et al. 2018) , structural and functional characterizations of these newly discovered fungal peptides will help reveal their real biological activities and might develop new-type drugs in the context of evolution for clinic application.
